We present coherence-enhanced imaging, an in situ technique that uses Raman superradiance to probe the spatial coherence of an ultracold gas. Applying this technique, we identify the coherent portion of an inhomogeneous degenerate 87 Rb gas and obtain a spatially resolved measurement of the first-order spatial correlation function. We find that the decay of spin gratings is enhanced in high density regions of a BoseEinstein condensate, and ascribe the enhancement to collective atom-atom scattering. Further, we directly observe spatial inhomogeneities that arise generally in the course of extended-sample superradiance. DOI: 10.1103/PhysRevLett.98.110401 PACS numbers: 03.75.ÿb, 42.50.Ct, 42.50.Gy Ultracold Bose and Fermi gases present new possibilities for studying the conditions for and onset of macroscopic quantum coherence in condensed-matter systems, particularly under nonequilibrium conditions initiated by rapid changes of system parameters. A direct probe of coherence in these gases is essential to fully exploit this opportunity.
Ultracold Bose and Fermi gases present new possibilities for studying the conditions for and onset of macroscopic quantum coherence in condensed-matter systems, particularly under nonequilibrium conditions initiated by rapid changes of system parameters. A direct probe of coherence in these gases is essential to fully exploit this opportunity.
Limitations of existing techniques for measuring coherence in atomic gases have narrowed the scope of prior studies. Time-of-flight methods, in which coherence is detected through matter-wave interference, provide poor spatial resolution. This precludes detailed studies of coherence in inhomogeneous systems such as the borders of Mott-insulating regions of bosons in optical lattices [1] , gases in disordered potentials [2] , or systems undergoing a rapid [3] [4] [5] or first-order phase transition [6 -9] to a superfluid state. A second technique, the imaging of irrotational flow as a signal for phase coherence, requires the system to be strongly agitated over extended periods of time. This perturbation prevents direct measurements of phase coherence in rapidly evolving systems or those near a phase transition.
In this Letter, we describe coherence-enhanced imaging, which allows the coherent portions of a gaseous system to be directly identified with high spatial resolution. Previous in situ imaging methods [10 -12] , being sensitive to the linear optical susceptibility of the trapped gas, allow the identification of the coherent portion of the gas only through its high optical density. In contrast, our imaging method relies on a nonlinear optical effect, superradianceenhanced absorption, to gain access to the difference in coherence between portions of the gas.
We present two main results derived from coherenceenhanced images. First, we quantify coherence properties in a degenerate 87 Rb gas. Specifically, we directly map the coherent portion of a trapped Bose gas, obtaining spatially resolved measures of the condensate number and of the first-order spatial correlation function. Second, we perform the first spatially resolved study of extended-sample superradiance, revealing inhomogeneous collective scattering across the gas.
Collective light scattering can be regarded as a form of extended-sample superradiance [13] [14] [15] [16] [17] where pump light illuminating the sample places all scatterers into an excited state whence they optically decay. Considering specifically a gaseous atomic sample, such light scattering produces atoms that recoil with momentum @q @k i ÿ @k s , which is the difference between the momenta of the incident and scattered photons. In the case of Rayleigh superradiance, spatial coherence between the recoiling and stationary atoms creates a periodic density grating through matterwave interference. This grating acts as a partially reflective mirror, oriented so as to scatter light in the same direction as previously scattered light. The mechanism for Raman superradiance, which is used in this work, differs in that interference between recoiling and stationary atoms creates a spin-polarization rather than a number-density grating and in that recoiling atoms no longer scatter light [18, 19] . In either case, for a prolate sample, the enhanced light scattering is directed predominately along the end-fire modes, i.e., along the long axis of the gas. In previous work, the narrowly directed emission of light and atoms from the sample served as the primary signal used to study superradiance. Here we focus on a different signature of superradiance, namely, the collectively enhanced absorption of the pump light. Imaging this light yields detailed spatial information on the radiating sample.
The collective enhancement of the optical scattering rate depends on the quality of the grating formed in the gas. In turn, properties of the grating depend on the competition between a position-dependent loss of grating coherence and the coherent amplification of the grating by stimulated emission. The loss of grating coherence can occur due to Doppler broadening or collisional dephasing and loss. Considering just Doppler effects, a freely-propagating polarization grating decays after a correlation time c qv ÿ1 , which is the time it takes atoms propagating at momentum @q to travel beyond the coherence length @=mv, with v 2 being the local atomic velocity variance and m the atomic mass. Thus, polarization gratings in gases with long coherence lengths, such as a Bose-Einstein condensate (BEC), persist much longer than those in non-degenerate gases with short, temperature (T) dependent coherence lengths dB 2@ 2 =mk B T p . We note that the coherence length , which pertains to the first-order spatial correlation function of the matter-wave field, is related conventionally to the local velocity distribution via Fourier transforms [20, 21] .
In our experiment, we induce superradiance in a gas using multiple short pulses of light separated by a variable delay time . Thus, collective scattering is built up over multiple pulses only in the portion of the gas with c , while Doppler dephasing in the portion of the sample with c suppresses the pulse-to-pulse growth of the polarization grating.
Our experiments were performed on prolate gases of 87 Rb in the jF 1; m F ÿ1i hyperfine state, held in a Ioffe-Pritchard magnetic trap with trap frequencies of ! x;y;z 248; 48; 5 s ÿ1 in the transverse (x,ŷ) and axial (ẑ) directions. The gas temperature was varied by the final settings used in rf evaporative cooling, yielding gases of 15 10 6 atoms at the Bose-Einstein condensation transition temperature of T c 250 nK, and pure condensates of up to 1:6 10 6 atoms.
The light used for superradiance-enhanced imaging was directed along theŷ axis, linearly polarized perpendicular to theẑ magnetic field axis ( Fig. 1) , and detuned by 102 MHz above the
. This detuning and polarization was chosen for two reasons. First, Rayleigh scattering is eliminated due to destructive interference among the transitions to the F 0 1 and the F 0 2 excited hyperfine states. This eliminates the dispersive phase shift that would otherwise cause aberrations in imaging the 10 m wide cloud. Second, at this detuning, Raman superradiance occurs with highest gain to the jF 2; m F 1i state; time-of-flight analysis confirmed that gases were superradiantly pumped exclusively to this final state. This state possesses a nearly equal magnetic moment to the initial state, and the relative s-wave scattering lengths among all trapped states are nearly identical. As a result, effects on collective light scattering from both Zeeman and mean-field interaction shifts are made negligible.
Coherence-enhanced images of a pure condensate taken at this detuning demonstrate the spatial and temporal resolution of our technique (Fig. 2(b) ). For these images, a BEC of 1:6 10 6 atoms was illuminated by a series of 100 s-long pulses of light, with a 68 s delay between pulses. The transmitted part of each probe pulse was separately imaged at a diffraction-limited resolution of 6 m. The absorption by the condensate increases over several probe pulses due to collective Raman scattering. After achieving a maximum of 15%, the absorption diminishes as a large fraction of the condensed atoms have been optically pumped to the jF 2; m F 1i state in which they no longer absorb probe light.
To estimate the maximum absorption expected for this sample, let us consider superradiant scattering solely into one end-fire mode and into one final atomic state (jF 2; m 1i). In the case when half the atoms have been scattered and assuming simultaneous collective behavior by all atoms in the sample, the optical depth is enhanced by a factor E R j R tot f j 4 N 0 A . Here, R j =R tot 0:28 is the branching ratio for scattering into the preferred final state jji, f j is an angular term that includes the dipole emission pattern, N 0 is the total atom number, and A is a phase-matching factor [16] ; here N 0 A 5800. We thus predict a maximum enhancement factor E ' 60, somewhat greater than the observed E ' 10.
The discrepancy between the expected and observed absorption is not surprising given the significant spatial Each of ten frames, shown in temporal order from top to bottom, is illuminated by a 100 s pulse of light followed by a 68 s delay. Doppler dephasing during the delay times suppresses superradiance except in coherent portions of the gas. Thus, enhanced absorption is seen only in the condensed portions of the degenerate sample. As shown in (c) and (d), the absorption signal varies across the cloud with collective enhancement occurring first at the ends of the extended sample.
features seen in the coherence-enhanced images (Fig. 2) , where the ends of the extended sample darken earlier than the denser cloud center. Thus, the maximal enhancement of light scattering does not occur simultaneously throughout the cloud, diminishing the overall enhancement of absorption as compared with our estimate. Models of superradiance have been proposed that predict the spatial inhomogeneities that we observe [22, 23] . In these models, the initiation of collective scattering is treated as in Dicke's original work [13] with light scattering leading to the occupation of atomic recoil modes that are propagating replicas of the unscattered atomic state. Once collective scattering dominates, a semiclassical picture emerges in which light propagating down the long axis of the sample acquires its highest intensity at the tip of the gas. Atoms located there are more strongly stimulated by the field and scatter light earlier than those in the center of the cloud. While the development of spatial structure was indicated indirectly by previous studies [18, 21] , coherence-enhanced imaging gives unprecedented temporal and spatial resolution of the entire superradiance process.
Beyond providing insight on the dynamics of superradiance, these multiple-frame images yield quantitative information about spatial coherence in trapped gases. For example, in contrast with linear absorption imaging, coherence-enhanced imaging allows the coherent fraction of the partially condensed Bose gas to be identified directly. Images obtained by each of these methods are compared in Fig. 3 . The off-resonant linear absorption images, taken with light 200 MHz below the D2 F 1 ! F 0 2 transition to eliminate dispersive phase shifts, show a typical progression of density distributions from Gaussian for T=T c > 1, to bimodal, and finally, to a single parabolic (condensate) density distribution for the smallest T=T c . In contrast, coherence-enhanced imaging selectively resolves the condensed portion of the gas, present at T=T c < 1. This selectivity stems from our choosing a gap time 68 s that is longer than the correlation time for the thermal component ( c 50 s at a typical temperature of 200 nK), but much shorter than the Doppler coherence time of the condensate (Fig. 4) .
Under the assumption that the condensate is completely optically pumped to the jF 2; m F 1i state during multiple-pulse superradiance, our assessment of the total number of absorbed photons in a coherence-enhanced imaging sequence directly quantifies the condensate number. This assumption is supported by time-of-flight studies of Raman superradiance [18, 19] . However, our data in Figs. 3(c) and 3(d) do suggest that the condensate's population is undercounted at its center.
By varying the delay times in our imaging sequence, we may also use coherence-enhanced imaging to obtain a spatially resolved measurement of the first-order spatial correlation function. For this purpose, we determine, at each pixel location, the ratio of absorption between the first and second frame in the image. The optical absorption signal in the second frame quantifies the modulation depth of interference at each location between the remaining stationary gas and its replica, displaced by r @q=m. The absorption ratio is large in portions of the gas with high spatial coherence and tends to unity when r exceeds the local coherence length [21] .
Multiple-pulse coherence-enhanced images were taken of identically prepared gaseous samples with variable de- lay times . In Fig. 4 we present maps of the characteristic correlation time c x; z, which we obtain at each pixel as the 1=e decay time as determined by Gaussian fits of the absorption ratio versus delay time. We observe a maximal correlation time, c 1:6 ms, that is consistent with the time required for recoiling atoms to travel through the condensate. This confirms that BECs are coherent across their radial width [24 -27] . Surprisingly, however, we find that c diminishes in the center of the BEC, most dramatically for samples at the lowest temperatures at which the condensate fraction and density are the highest. We ascribe the lowering of c to nonlinear collisional depletion of the propagating spin grating formed in superradiance [28] . The linear (noncollective) per particle scattering rate of atoms recoiling at v @q=m propagating through the stationary portion of the gas, ÿ l nv 300 s ÿ1 , with being the total collision cross section, is too small to significantly affect the observed correlation times. However, in a coherent gas, such scattering is enhanced to the extent that the total number of collisions exceeds the number of quantum states available to the collision products. We estimate the enhanced nonlinear scattering rate in a volume with a radius that is equal to the distance the sample recoils before the grating decays to be ÿ nl h 2 nn s =6m 2 p ' 1=500 s, where n s is the density of the scattered atoms. This rate agrees with the observed coherence decay rates at the center of the condensate. In more dilute regions, such as the tips of the condensate or in the less dense condensate formed at higher temperatures, the collective enhancement of collisional losses is weaker, and, thus, higher values of c are observed. We note that these collisional losses can be suppressed by exciting fewer atoms to the jF 2i state or by exciting them to recoil velocities below the local speed of sound [28] allowing for measurements of the coherence length in dense condensates.
As we have shown, coherence-enhanced imaging yields simultaneous information both on the spatial coherence of an ultracold gas and also on superradiance in extended samples. However, the spatial inhomogeneities formed during superradiance are an inconvenient feature that complicates our analysis. Alternatively, one could employ a two-photon stimulated Raman transition to set up a uniform initial polarization grating, and then image the collectively enhanced absorption of a subsequent single probe beam. Such an approach is technically complicated by the need for setting a precise frequency difference between two laser beams and also by sensitivity to overall Doppler shifts for a possibly moving gas sample. Our method avoids such complications.
On the other hand, coherence-enhanced imaging as implemented here has allowed for the first direct study of the onset of inhomogeneous collective scattering. In future studies, fluctuating asymmetries in the spatial structures that develop spontaneously during superradiance may be used to characterize further the quantum fluctuations that play a role in its early stages [23] .
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